The fine analysis of cell components during the generation of pluripotent cells and their comparison to bone fide human embryonic stem cells (hESCs) are valuable tools to understand their biological behavior. In this report, human mesenchymal cells (hMSCs) generated from the human ES cell line H9, were reprogrammed back to induced pluripotent state using Oct-4, Sox2, Nanog, and Lin28 transgenes. Human induced pluripotent stem cells (hIPSCs) were analyzed using electron microscopy and compared with regard to the original hESCs and the hMSCs from which they were derived. This analysis shows that hIPSCs and the original hESCs are morphologically undistinguishable but differ from the hMSCs with respect to the presence of several morphological features of undifferentiated cells at both the cytoplasmic (ribosomes, lipid droplets, glycogen, scarce reticulum) and nuclear levels (features of nuclear plasticity, presence of euchromatin, reticulated nucleoli). We show that hIPSC colonies generated this way presented epithelial aspects with specialized junctions highlighting morphological criteria of the mesenchymal-epithelial transition in cells engaged in a successful reprogramming process. Electron microscopic analysis revealed also specific morphological aspects of partially reprogrammed cells. These results highlight the valuable use of electron microscopy for a better knowledge of the morphological aspects of IPSC and cellular reprogramming.
Introduction

I
nduced pluripotent stem cells (IPSCs) are obtained by reprogramming adult or fetal differentiated somatic cells by the overexpression of four genes involved in pluripotency and cell proliferation. 1 These results were first described in mice then in humans. 2, 3 The therapeutic potential of this technology in research and medicine is obvious. Fundamental questions arise, however, concerning the incomplete or complete reprogramming process because different degrees of induced pluripotency have been reported depending on the criteria used to assess the successful reprogramming. 4 The pluripotency characteristics of human hIPSCs are currently evaluated by pluripotency-associated cell surface markers according to molecular criteria and functional aspect by teratoma assays. However, an analysis of the fine structure of the hIPSCs in comparison with human embryonic stem cells (hESCs) and differentiated cells exhibiting the same background could be a valuable tool to evaluate the cellular evolution from a differentiated to undifferentiated state. To this end, we have analyzed by electron microscopy the structure of pluripotent stem cells and mesenchymal cells generated from hESCs, which were then reprogrammed back to hIPSCs.
Few reports have analyzed the ultrastructural characteristics in mouse and human IPSCs, 5, 6 whereas hESCs have been extensively analyzed. 7, 8 We describe the detailed ultrastructural modifications occurring during induced reprogramming of embryonic mesenchymal cells into fully pluripotency, in the presence or in the absence of stromal cell feeder. These observations are compared with those obtained in partially reprogrammed cells.
Materials and Methods
Human embryonic stem cells
The hESC line H9 was imported from WiCell Research Institute (Madison, WI), after approval of the French Biomedicine Agency (Authorization to ABG, 2012).
Generation of ESC-derived mesenchymal stem cells
H9 hESCs were differentiated into mesenchymal stem cells (MSCs) by using our previously reported protocol. 9 Briefly, H9 hESCs were deprived of murine embryonic fibroblasts (MEFs) and cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 (Invitrogen) medium supplemented with 20% heat-inactivated fetal bovine serum (Hyclone), 1 ng/mL basic fibroblast growth factor (bFGF), 0.1 mM nonessential amino acids, 1 mM L-glutamine, 0.1 mM b-mercaptoethanol, and 0.1 mM antibiotics (all from Invitrogen).
After 2 weeks, when the cells were 80% confluent, they were harvested by treatment with 0.05% trypsin/EDTA (Gibco) and amplified. Between passages 2 and 3, the cells exhibited a homogeneous morphology, and phenotypic analysis using fluorescent activated cell sorting showed positivity for CD90, CD105, CD146, CD166, CD44, and CD73 antigens and negativity for CD45, CD14, and CD3 antigens. To determine the mesenchymal nature of the cells, adherent cells were characterized for their multipotency using the Functional Identification Kit (R&D Systems) and their ability to differentiate into adipocytes, chondrocytes, and osteoblasts. Lineages were tested by immunohistochemistry using polyclonal goat anti-mouse FABP4, monoclonal goat antihuman aggrecan, and mouse anti-human osteocalcin antibodies, respectively. Cell lines positive for mesenchymal differentiation markers were subsequently termed H9 MSCs.
Reprogramming of H9 MSCs into H9 IPSCs
Mesenchymal cells obtained from H9 hESCs were reprogrammed into hIPSCs using lentivirally induced Oct3/4, Sox2, Nanog, and Lin28 transgenes, following the described protocol. 3 After 20 days, colonies with hESC morphology were picked individually and hIPSC colonies were amplified on MEF stromal layers. H9 hIPSCs shared the phenotypic characteristics of pluripotent hESCs, characterized by the surface expression of SSEA-3, SSEA-4, Tra-1-60, Tra-1-81, and SSEA-1 (ES Cell Characterization Kit, Millipore). Pluripotency of hIPSCs and hESCs was assessed in vivo by formation of teratoma into 6-week-old NOD-SCID mice (Charles River Laboratories) after intramuscular injection of 0.4 · 10 6 , 1 · 10 6 , and 3 · 10 6 hIPSCs and hESCs, with 5 · 10 6 MSCs as a negative control. After 5-10 weeks, teratomas were dissected and fixed in 4% paraformaldehyde. Samples were embedded in paraffin and processed with hematoxylin and eosin staining and immunohistochemistry to assess the presence of ectodermal, endodermal, and mesodermal tissues.
Partially and fully reprogrammed IPSCs were obtained from human amniotic fluid cells reprogrammed by retroviral transgenes. Partially IPSCs were defined by the lack of transgene repression after the programming process as previously described. 25 Partially (F50 line) and fully reprogrammed (PB39) colonies were also obtained by reprogramming human adult fibroblasts with virus of Sendaï (CytoTune, Life Technologies) according to the manufacturer's instructions. For reprogramming and subsequent cultures, colonies were cultured on hESC-qualified Matrigel-coated plates in NutriStem medium (Miltenyi Biotec).
Pluripotent stem cell culture conditions hESC line H9 and hIPSCs were maintained on MEFs, mitotically inactivated by mitomycin C (Sigma Aldrich), and DMEM/F-12 medium supplemented with 20% Knockout serum replacer, 0.1 mM nonessential amino acids, 1 mM Lglutamine, 0.1 mM b mercaptoethanol, 1 · penicillin-streptomycin, and 10 ng/mL human recombinant bFGF (all from Invitrogen). After 7 days of culture, cells were manually plucked for glutaraldehyde fixation.
For feeder-free experiments, pluripotent stem cells were cultured on hESC-qualified Matrigel-coated plates (BD Biosciences) in mTeSR1 medium (Stem Cell Technologies) according to manufacturer's guidelines. Colonies were manually harvested as for feeder dependent cultures.
Preparation of supernatant particles from cultures hESC-and hIPSC-conditioned medium were collected every day for 7 days and pooled for particle isolation. To remove large cell debris, the supernatants were centrifuged at 1500 · g for 15 min at 4°C. The supernatants were then collected and centrifuged at 13,000 · g for 2 min at 4°C. The supernatants were collected again and centrifuged a last time at 15,000 · g for 45 min at 4°C. The pellets were then prepared for transmission electron microscopy (TEM).
Transmission electron microscopy
During culture, hESCs, hIPSCs, hMSCs, and MEFs were either manually plucked or scraped, gently centrifuged, and pelleted before the TEM process as follows.
The cells were fixed in 2.5% glutaraldehyde in phosphatebuffered saline (PBS) for 1 h at 4°C, washed in PBS, and fixed in 1% osmium tetroxide in PBS for 1 h. They were dehydrated in ascending series of graded ethyl alcohols, then in propylene oxide. Each sample was infiltrated with the resin before being embedded in epoxy resin and polymerized.
Semi-thin sections of about 0.5 to 1 lm were obtained and colored with Toluidine blue before being examined via a light microscope with an associated digital camera, hooked to a computer for image processing and editing (Tribun System). Thin sections of about 70 nm were contrasted with heavy metals (uranyl acetate and lead citrate) and were examined using a Hitachi transmission electron microscope at an accelerated voltage of 80 kV. Images were photographed on film. Negative scanner produced digital images, edited by Adobe Photoshop and Microsoft Power Point. Figure 1 shows the experimental protocol used for the optical and electron microscope analysis of H9 hMSCs, H9 hESCs, and H9 hIPSCs.
Results
Structural analysis of H9 hMSCs
As expected, human H9-derived MSCs appeared as fusiform cells with digital expansions. The cells appeared either isolated or overlapping each other, generating confluent colonies (Fig. 2A and 2B) . At the ultrastructural level, in the nucleus, chromatin is represented as patches of heterochromatin inside the nucleoplasm, associated with the nucleolus, or localized at the inner border side of the nuclear envelope (Fig. 2C) . The cytoplasm appeared polarized because the side of the cell in contact with the dish contained a thick layer of dense filaments corresponding probably to actin filaments as previously described (Fig. 2B) .
Interestingly, cytoplasm was filled with well-formed dilated cisternae of a rough endoplasmic reticulum and contained dense material (Fig. 2C) . However, the Golgi apparatus was sparse, and lipid droplets were rarely found. Similarly, phagosomes were rarely observed (Fig. 2C ).
Structural analysis of H9 hIPSCs and H9 hESCs cultured on MEF feeder cells H9 hIPSCs derived from H9 hMSCs were gathered as discoid colonies among mouse fibroblast feeder cells. Each hIPSC colony accumulated several distinct layers, the number of which could vary between colonies and even within different regions of the same colony (Fig. 3, A1 ). Colonies were organized from two to eight layers and were often flattened in their periphery. Overall detailed analysis revealed a high nucleo-cytoplasmic ratio as well as a well-defined nucleoli with a variable number, from one to four per cell, in all cells (Fig. 3, A2-A4 ). The cells without well-identified nucleolus were either in division (Fig. 3, A6 ) or in necrotic and apoptotic stages.
Importantly, the cells in contact with culture medium (upper side of the colony) presented several microvilli at their apical region with vacuoles of pinocytosis beneath them ( Fig. 3B and 3C ). The cells were in close connection with each other due to the presence of junction complexes at their upper lateral side. Among them, zonula adherens and macula adherens with their intermediate filaments on each cytoplasmic side of the membranes could be observed ( Fig. 3B and 3C ). In contrast, cells inside a colony had larger intercellular spaces (Fig. 3D) . The cell membrane at the basal side of the colony (in contact with the culture dish) did not present any characteristics of differentiation. However, some of them possessed dense material running along the inner side of the membrane (data not shown).
We observed well-structured ducts, inside the colony, running from one layer to another (Fig. 3E) . These ducts were formed by apical differentiation (including microvilli) of several epithelial cells, generating a connecting canalicular system between the colony and the culture medium. Small vesicles were present inside the ducts. These vesicles were probably secreted by the surrounding cells of the ducts.
The plasticity of the nucleus was suggested by its frequent deformations in relation with cytoplasmic elements, such as lipid droplets in its vicinity (Fig. 4A) .
One important characteristic of the nuclei was the absence of heterochromatin clusters (Fig. 4A) , contrasting with their parental hMSC nuclei (Fig. 2C) . Indeed chromatin of all IPSCs possessed features of euchromatin (Figs. 3D and 4A ).
Analysis of nuclear envelope revealed a constitution with classical features (Fig. 4B) , but a layer could be observed inside the inner nuclear membrane that was thinner than those observed in differentiated cells, H9 hMSCs (Fig. 2C) , or MEFs.
Nucleoli presented well-defined reticulated structures (Fig. 4A ) with fibrillar centers corresponding to DNA and granular and fibrillar regions corresponding to rRNA precursors ( Fig. 4B and 4C ). The nucleolus appeared to be very large with a clear opening toward the nucleoplasm (Fig. 4D) .
The cytoplasm contained free ribosomes, polyribosomes, and scarce portions of granular reticulum. The Golgi apparatus was more or less developed (Fig. 5A) . Interestingly we observed a very high number of mitochondria, the size of which was highly increased, suggesting a potential fusion between them. In nearly all the sections observed, lipid droplets were found to be present and were often clustered in twos or threes and associated with glycogen rosettes (Fig. 5B) .
Beside these cells, we observed cells presenting voluminous autophagic vacuoles in their cytoplasm ( MEFs without hESCs or hIPSCs. We confirmed the murine origin of these viral particles, since we showed their presence in MEFs, budding at the level of the plasma membrane. We never observed these particles at the cellular level of hESCs or hIPSCs. H9 hESCs were analyzed in the same culture conditions as H9 hIPSCs. The general aspect of H9 hESCs was found to be similar to that of H9 hIPSCs; however, the organelle density inside the cells appeared to be lower.
Each H9 hESC colony formed a discoid structure. Cells were characterized by a high nucleo-cytoplasmic ratio, a variable number of nucleoli, and apical differentiations of epithelial type in the cells in contact with the medium (Fig. 7A ). Ducts were also present inside the colony (Fig. 7B) . The cytoplasm contained ribosomes and elongated mitochondria (Fig.   7C ) as well as glycogen associated with lipid droplets. The Golgi apparatus appeared less present, while the sarcoplasmic reticulum was scarce. The nucleus was euchromatic and present reticulated nucleoli ( Figure 7D ).
Structural features of hIPSCs and hESCs cultured in presence of Matrigel
The cells that we observed in the Matrigel culture contained several distinct features from hIPSCs and hESCs, the most prominent being the presence of cells with mesenchymal morphology (Fig. 8A-8C ). These cells exhibited a fusiform morphology. They were loosely attached to each other by thin expansions for which specialized junctions were identified (Fig. 8D) . At the upper membrane, we observed microvilli and a thick densification under the membrane resembling classical actin seen in epithelial cells (Fig. 8D) .
The second cell type corresponded to cells having lost the mesenchymal morphology and connected with specialized junctions (Figs. 8A, 8B , 9A, and 9C). These cells were accompanied by cells with typical epithelial morphology organized most often in one or two layers (Figs. 8A and 9A) and rarely in multilayers (Fig. 9B ). These cells were connected by junctions at their upper lateral side (Figs. 9D and 10E) .
Characteristics of non-differentiation were similar in hIPSCs and hESCs cultured on Matrigel and in hIPSCs and hESCs cultured on MEFs (Figs. 9D, 10A, 10D, and 10E) .
Moreover, a large amount of droplets containing either lipids or glycogen were observed in the cytoplasm (Figs. 10A-10C ). In contrast, autophagic vacuoles were rarely observed, and mitochondria appeared shorter in size in cells cultured in the presence of Matrigel.
Structural analysis of partially reprogrammed hIPSCs
Partially reprogrammed cells were defined as clones with no extinction of pluripotency transgenes. 25 By optical microscopy, these cells exhibit a round-shape aspect (Fig. 11A) . Interestingly at ultrastructural level, few heterochromatin coexisted with euchromatin in some cells (Fig. 11B) , whereas in others, the nucleus was found to be euchromatic and the nucleolus was dense without reticulated structure. In the cytoplasm, morphologically abnormal mitochondria often gathered with granular reticulum. Few lipid droplets were present, and abnormal structures were observed in almost all cells observed (Fig. 11C) . The global architecture of pluripotent stem cells and mesenchymal stem cells observed by light microscope and by electron microscope is schematically illustrated in Fig. 12 .
Discussion
Using a reversible differentiation methodology, this study aimed to determine the ultrastructural characteristics of hIPSCs derived from hMSCs, which were initially obtained from hESCs. Using this strategy, we were able to analyze the ultrastructural characteristics of pluripotent cells as compared to their differentiated state in the same cellular background. hIPSCs generated from hESCs were grown either in MEF layers or without stromal support in Matrigel. In both culture conditions, hIPSCs exhibited patterns of epithelial cells.
Visualization of a mesenchymal-to-epithelial transition
We have shown with this reversible programming strategy that the reversion from the differentiated (MSC) to pluripotent (IPSC) state is accompanied by the morphological features of a mesenchymal-to-epithelial transition (MET). When IPSCs were cultured on Matrigel, we could easily identify three different steps leading to epithelial formation. We found that cells with mesenchymal morphology gathered by the way of thin and long expansions having actin under the upper plasmic membrane. Cells with microvilli at their upper side began to be joined with specialized junctions. Finally colonies were generated with one or two layers of cells with typical aspects of epithelial cells characterized by their polarity and their junctional system. These IPSCs have an epithelial morphology, present actin under the upper cytoplasmic membrane, and possess specialized junctions corresponding to the morphological demonstration of E cadherin presence. This corresponds to the ultrastructural manifestations of a typical MET according to reported criteria. 10 Indeed induced pluripotency has been shown to start with an initiation phase characterized by the loss of mesenchymateous markers such as Snail and the appearance of epithelial markers as E cadherin, a cell-adhesion molecule crucial for ESC pluripotency. 11 It has also been shown that during the programming process, the actin is localized in cortical zones. These modifications are regulated by bone morphogenetic protein (BMP) and miRNA. 12 More recently, the importance of epigenetic modifications in somatic cell reprogramming began to be identified. 13 The epithelial formation obtained with Matrigel or MEF in our experiments are in agreement with the notion that MET is an ''required step'' for fibroblasts reprogramming into IPSCs. 10 Specific ultrastructure of hIPSCs cultured on MEFs
We described particular characteristics and morphological organization of hIPSCs cultured in presence of MEFs. We first found that hIPSCs gather, apart from the MEFs, creating multilayer colonies with a cohesive structure. The structure of these IPSC colonies resembled the architecture of inner mass cells at the human blastocyst stage of development, human ESCs, and mouse embryoid bodies 7, 8, [14] [15] [16] and were in concordance with the results of Totonchi et al. 6 on hIPSCs. We found secondly that colonies are in contact with the culture environment by the microvillar side of the epithelial cells and inside the colonies by large intercellular spaces and internal ducts, allowing transport from the culture medium to the cells deeper in the colony. Such structures had been reported in mouse embryoid bodies after 5 days of culture. 16 Although there are no data for the functional role of these ducts, we can speculate that they could provide signaling or nutrient elements as demonstrated by the presence of numerous particles in their lumen.
Identification of viral particles
Viral elements of different sizes were found to be present in the supernatant of the culture medium of IPSC, when they were cultured on MEF. As previously reported, the mitomycin-treated MEFs used as feeder cells can bear viral particles similar to C-type retrovirus of the MuLV group. 17, 18 Thus, this viral environment is avoided when IPSCs are cultured in presence of Matrigel. However, in our experimental conditions using Matrigel or MEFs, neither hIPSCs nor hESCs observed were infected.
Characteristics of undifferentiated cells observed in the presence or absence of MEFs
The nucleo-cytoplasmic ratio of the cells was found to be higher than that of hMSCs. Such high ratio has also been reported in the postfertilization cleavage cell cycle, 19 in hESCs, and in hIPSCs obtained from human dermal fibroblasts. 6, 20 Our analyses revealed characteristics of undifferentiated cells at the level of hIPSC nucleus such as the presence of euchromatin and the voluminous reticulated nucleoli.
A striking aspect of the nucleus of hIPSCs compared to the hMSCs was the presence of open chromatin (euchromatin), which is one of the hallmarks of stem cells. 21, 22 Similarly, Fussner et al. 23 reported the unusually dispersed (10 nm) heterochromatin fibers in bona fide IPSCs and in pluripotent embryonic stem cells by using correlative electron spectroscopic imaging.
hIPSCs were also found to contain essentially a single nucleolus per cell and rarely several nucleoli. Both the presence of euchromatin by itself and the voluminous reticulated nucleolus structure open to the nucleoplasm reflected an intense activity in hIPSC nuclei as reported in hESCs. 8 These results obtained at the ultrastructural level can be linked with those of Efroni et al., 24 who showed by using whole genome mouse gene arrays that the ESC genome is transcriptionally globally hyperactive in both coding and noncoding regions. Indeed, normally silent repeat regions are active, and tissue specific genes are sporadically expressed at a low level. As a consequence, a large amount of ribosomes were found to be present in the cytoplasm, however, without a specific synthesis activity because neither Golgi nor reticula are developed as much as in hMSCs. Mitochondria were found to be highly elongated in IPSCs cultured in the presence of MEFs as described in inner cell mass cells and hESCs. 7 Lipid droplets associated with glycogen were present in the majority of IPSCs. This association had been reported in a variety of undifferentiated cells in different evolutionary phyla and as reported by Park et al. 8 in hESCs. Moreover, this observation is in agreement with our previous study using infrared microspectroscopy highlighting a close association between lipid and glycogen storage in hIPSCs and hESCs and the fully pluripotency status. 25 We have also identified morphological characteristics specific to culture type. The macrophagosomes were particularly prominent in hIPSCs cultured in the presence of MEFs as compared to hMSCs, and they mainly contained several lipid droplets and glycogen rosettes. The presence of these macrophagosomes The nucleus presents heterochromatin (arrow). In the cytoplasm atypical mitochondria are often associated with rough endoplasmic reticulum (arrow). TEM, original magnification · 10,000. (C) Atypical mitochondria are gathered in a portion of cytoplasm (arrow). The nucleoplasm is of euchromatic type and the nucleolus is dense. TEM, original magnification · 10,000.
could be due the architecture of the colony, with several cell layers undergoing autophagy due to the lack of nutrients, as demonstrated by Lock and Debnath. 26 In contrast, IPSCs cultured on Matrigel were organized as colonies with one or two layers with few numbers of macrophagosomes. They were also found to contain a large amount of more or less empty vesicles that could correspond to lipid or glycogen in intermediate stages.
Morphological features of partially programmed cells
Our observations reflect that the experimental process leading to IPSCs from MSCs is a dynamic process written at the subcellular level that can be divided in different steps. The incomplete MET observed in some cells in Matrigel culture conditions, and the absence of MET observed in the partially reprogrammed IPSCs (F50 line) suggest that ultrastructural analysis can reveal at the morphological level (complete versus incomplete MET) partial reprogramming that can be correlated with other characteristics of this state.
In conclusion, electron microscopic analysis revealed specific ultrastructural aspects of reprogrammed pluripotent cells, depending on intrinsic and extrinsic conditions. These observations highlight the valuable use of electron microscopy to better define the pluripotency at the single-cell level and as a prospective arsenal of criteria to define the safety of virus-free clinical grade IPSCs.
